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I. 


INTRODUCTION 


The  principal  object  of  this  contract  was  the  development  of 
vibration  resistant  quartz  crystal  resonators  of  the  SC  or 
"stress  compensated"  type.  In  this  regard  an  improvement  of 
about  1  order  of  magnitude,  from  a  few  parts  in  109  per  g  to  a 
few  parts  in  1010  per  g,  was  accomplished  at  5  MHz.  The 
limited  number  of  experiments  performed  on  10  and  20MHz  crystals 
did  not  result  in  a  comparable  improvement  in  their  "g"  sensiti¬ 
vity  . 

Attempts  to  correlate  particular  low  "g"  sensitivity  crystal 
units  to  specific  design  or  assembly  variations  was,  in  most 
instances,  unsuccessful.  Although  the  yield  was  increased,  the 
reasons  for  the  improvement  are  not  well  understood. 

During  the  course  of  the  investigation  many  problems  of  de¬ 
sign  and  measurement  had  to  be  solved,  and  contributions  to  the 
state-of-the-art  are  believed  to  have  been  made  in  the  following 
areas : 

1 .  Accurate  mounting  of  the  crystal  plate. 

2.  Measurement  of  the  acceleration  sensitivity  vector  by 
the  "2g"  method. 

3.  Design  of  circuts  to  suppress  the  unwanted  "B"  mode. 
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4.  Accurate  cutting  of  quartz  blanks. 

5.  Accurate  X-ray  orientation  measurements. 

6.  Frequency  adjustment  at  controlled  temperatures. 

Separate  measurements  were  also  carried  out  to  investigate 
the  effects  of  pressure  and  temperature  gradients  on  frequency. 

Of  42,  5  MHz  5th  overtone  crystal  units  tested  with 
$  =  23.75°  or  higher  on  this  contract  (da> ^  not  presented  here), 
the  average  magnitude  of  the  acceleration  sensitivity  vector  was 
4.03  x  10_1®/g  with  a  standard  deviation  of 
1.05  x  10-1®/g.  There  were  17  units  between  1  and 
3  x  10~10/g.  The  test  methods  were  insufficient  to  resolve 
anything  closer  than  1  x  1Q“10/g,  and  final  figures  will  be 
determined  when  units  are  installed  in  their  respective  final 
oven-oscillator  packages  and  allowed  to  stabilize.  Yields  of 
crystal  units  3  x  10-1(Vg  or  better  of  70%  have  been 
experienced  in  some  lots,  although  the  lots  were  not  large  enough 
to  be  statistically  significant.  The  data  is  presented  only  as 
evidence  of  a  possible  solution  to  the  problem.  Figure  1  shows 
the  crystal  designs  used  on  this  contract. 
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II.  PROGRESS 


A .  Orientation  and  Catting  of  Quartz  Blanks 

In  the  cutting  of  blanks  from  the  quartz  bars  every  attempt 
has  been  made  to  accurately  cut  blanks  so  that  little  or  no  cor¬ 
recting  is  necessary.  To  this  end,  each  bar  has  its  -X  surface 
and  one  Z  surface  made  flat  and  parallel  to  the  underlying  cry¬ 
stal  plane  to  within  1  minute  of  arc.  Correction  at  this  stage 
can  be  more  accurately  and  easily  accomplished  than  at  later 
stages.  Mechanical  orientation  is  then  carried  out  by  fixtures 
that  can  be  set  to  well  within  1  minute  of  the  desired  orienta¬ 
tion.  Both  sawing  and  grinding  techniques  have  been  used  to  pro¬ 
duce  uniformly  oriented  blanks.  The  grinding  technique  is  also 
used  to  make  small  corrections  if  necessary. 

The  SC  cut  crystal  design  has  an  inflection  temperature 
near  95#C,  making  angle  control  critical  at  turnover  temperatures 
from  80  to  95°C.  For  this  reason,  some  crystals  have  been  cut  to 
raise  the  inflection  temperature  to  near  110  C,  with  little 
change  in  overall  characteristics.  Figure  2  illustrates  this 
fact  by  showing  the  range  of  angle  control  required  to  obtain  the 
necessary  turnover  range.  We  have  assumed  a  10°C  window  as  being 
adequate  for  most  applications. 
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Use  of  X-rays  to  Measure  Orientation  Angles 

Two  methods  of  measuring  the  quartz  plate  orientation  have 
been  used.  The  first  using  an  existing  X-ray  goniometer  set  for 
"AT  cut"  measurements,  and  the  second  using  an  X-ray  goniometer 
dedicated  to  "SC  cut"  measurements.  Both  systems  are  shown  in 
Figure  3. 

For  the  measurement  of  SC  cut  plates  on  an  AT  type  X-ray, 
our  system  consists  of  tilting  the  blank  to  "undo"  the  0  angle 
and  permit  the  use  of  the  01.1  plane  as  in  the  measurement  of  an 
AT  blank.  The  crystal  blank  is  then  rotated  -14*  about  its 
thickness  so  that  its  measured  0"  angle  is  even  closer  to  that 
of  the  reference  plane,  38*  12.7',  than  the  AT  cut.  This  -14“ 
angle  is  the  "natural"  angle  of  the  blank  as  cut  from  an  X,  Y,  z 
bar.  The  exact  angle  is  'P  =  tan-1  (tan  $  sin  0).  A  simi¬ 
lar  technique  is  used  to  measure  the  0  angle,  independent  of  the 
value  of  0. 

The  blanks  are  cut  from  a  highly  corrected  quartz  bar,  using 
the  same  0"  angle  as  in  the  X-ray  measurement.  In  effect,  we 
have  uncoupled  the  two  angles,  0  and  0,  and  the  angle  setting 
on  the  saw  table,  0",  is  the  same  as  the  angle  read  on  the  X-ray 
goniometer,  thus  permitting  an  operator  to  easily  make  small 
corrections  in  0. 

The  measured  angle  0'  is  related  to  0  by  the  know  angle  of 
the  01.1  plane.  The  measured  angle  0"  is  related  to  0  by  the 
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value  of  0.  The  X-ray  goniometer  which  we  use  measures  0'  by 
reference  to  a  standard  and  reads  in  degrees,  minutes,  and 
seconds.  0"  is  similarly  read  on  a  micrometer  dial  that  reads 
in  inches,  0.0001"  corresponding  to  2  seconds  of  arc. 


A  program  has  been  written  for  the  hand-held  Sharp  EL5100 
Calculator.  It  is  only  necessary  to  enter  the  scale  reading  from 
the  X-ray  goniometer  and  push  one  button  for  the  specified  angles 
to  appear.  Conversion  from  degrees,  minutes,  seconds  to  decimal 
degrees,  comparison  with  reference  crystal  readings,  inter¬ 
relationships  of  the  various  angles,  etc.,  are  all  carried  out  by 
the  single  key  stroke. 

The  actual  programs  are  as  follows: 

1.  f (AB)  =  tan-1  (tan  ( (A-B)  X  D)  +  36.3)  X  Cos  C  =  0 

2.  f (EF)  =  sin-1  (sin  (E  deg  -  F  -*■  deg  -  18.45)  -r  .7857)  =  0 

3.  0"  =  36.3  +  (A-B)  X  D,  for  saw  table  setting 


Where : 


A 

= 

X-ray 

dial 

reading 

for 

e. 

B 

= 

X-ray 

dial 

reading 

for 

e, 

C 

= 

0  angle  in 

decimal 

degrees 

D 

= 

.0555 

E 

s 

X-ray 

dial 

reading 

for 

0, 

F 

= 

X-ray 

dial 

reading 

for 

0, 

unknown  crystal 
reference  crystal 


unknown  crystal 
reference  crystal 
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The  advantages  and  disadvantages  are  as  follows: 

Advantages: 

1 .  The  method  used  an  existing  AT  set-up. 

2.  The  angle  measured,  0",  was  identical  to  the  angle  set 
on  the  saw  table,  making  angle  correction  direct  and 
simple. 

3.  It  was  capable  of  making  absolute  measurements,  as  well 
as  ones  using  a  reference  standard. 

Disadvantages: 

1.  The  tilt  necessary  to  brinq  the  AT  X-ray  plane  (01.1) 
vertical  to  the  goniometer  table  was  about  15°.  This 
made  the  data  measurement  very  sensitive  to  the  refer¬ 
ence  flat  (Psi)  angle. 

2.  Calculating  Theta  from  Theta  double  prime  required  a 
knowledge  of  Phi  and  calculation  of  "turn  over"  required 
both  Theta  and  Phi.  (By  the  term  "turn  over"  we  mean 
the  temperature  at  which  the  temperature  coefficient  of 
frequency  is  zero). 

The  second  method,  which  is  preferable,  makes  use  of  a  very 
precise,  universal,  double  crystal  X-ray  goniometer.  The  sensi¬ 
tivity  is  ten  (10)  seconds  of  arc.  Some  new  approaches  have  been 
developed  which  simplify  the  measurement  of  Phi,  Theta  and  Psi, 
and  what  may  be  even  more  significant  a  way  has  been  found  to 
relate  the  turnover  temperature  of  the  finished  crystal  to  a  sin¬ 
gle  angular  measurement  with  no  calculations  necessary  other  than 
a  simple  graph. 
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In  the  new  method  of  measuring,  the  crystal  blank  is  consi¬ 
dered  as  a  rotated  X-cut,  making  Phi  about  8*  rather  than  22°. 

This  derives,  of  course,  from  the  three-fold  symmetry  of  quartz. 
Theta  is  still  near  34®  and  Psi  ranges  from  0  to  -15°  as  before. 
The  SC  rotational  symbol  is  usually  given  as  YXwl  <pQip  with  $  = 
21.95°  and  0  =  33.9°  properly  called  a  rotated  Y  cut.  It  would 
be  just  as  correct  to  refer  to  the  SC  as  a  rotated  X-cut,  in  which 
case  the  symbol  becomes  XYwl  <j>0^  with  Phi  =  8.05°  and 
Theta  =  33.9°.  When  this  is  done,  the  thickness  of  the  plate  will 
be  X',  and  0'  is  the  rotation  about  Y'.  If  the  change  in 
nomenclature  is  confusing,  then  we  could  use  a  rotated  Y 
nomenclature  as  before  and  just  substitute  (30  -  <)>y)  in  the 
equations  presented  for  the  rotated  Y  cut. 

For  the  measurement  of  Phi  and  Theta  we  use  the  22.3  plane, 
whose  normal  lies  in  the  X-Z  plane  at  34  degrees  17  minutes  from 
X.  This  is  almost  exactly  Theta  and  only  8°  away  from  Phi.  The 
Bragg  angle  is  48°,  so  the  angle  between  the  X-ray  beam  and  the 
ionization  chamber  is  48°.  The  cosine  of  34  degrees  17  minutes 
is  .82626,  and  <p  =  sin-1  )*  Theta  prime  (0’)  is  the 

angle  measured  by  the  X-ray  with  the  crystal  blank  mounted  on  a 
normal  vacuum  chuck  barrel  with  the  Y'  (the  old  X' )  axis  parallel 
to  the  table.  One  Z  face  of  the  uncut  quartz  bar  is  usually  cor¬ 
rected  to  provide  the  Y'  direction  in  the  blank,  which  in  this 
case,  is  not  very  critical.  For  measurement  of  Theta,  (0)  a 
mild  tilt,  which  is  not  critical,  is  provided  to  compensate  for  $ 
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and  <j>  -  tan-^  “cos  '  y*  Phi  is  the  angle  measured  as 
described  above  and  Theta  <0')  prime  is  the  angle  measured  by 
the  X-ray.  The  measurement  is  made  using  a  non-critical  6*  tilt 
back  and  with  the  Z'  axis  parallel  to  the  Table.  The  correction 
for  <f> '  and  0'  to  arrive  at  <P  and  0  are  now  small  enough  to 
present  on  a  simple  sheet  of  graph  paper.  A  calculator  is  not 
necessary  once  the  plots  are  made.  Figure  4  shows  the 
relationship  between  0  and  0  for  a  constant  turn  over 
temperature.  The  upper  curve  is  taken  from  a  paper  by  Ballato  and 
Iafrate  (  1976  30th  Annual  Frequency  Control  Symposium).  As  <}> 
departs  from  the  AT  and  goes  through  FC ,  ITC,  etc.  to  the  SC,  the 
angle  0  must  be  changed  accordingly  to  give  the  same  turn-over 
temperature.  On  the  same  graph,  we  have  plotted  the  values  of 
0'  which  would  result  in  the  0  values  shown.  Note  especially 
that  over  the  range  of  interest  the  data  is  invariant  with  the 
value  of  4>.  For  specified  4>'s  from  22°  to  24°,  0  varies  only 
0.6  minutes  and  for  <J>  's  between  22°  and  23°  0  varies  only  .02 
minutes . 


Figure  5  shows  the  values  of  0',  the  angle  measured  directly 
by  the  X-ray,  for  SC  turn-over  temperatures  between  50°  and  85°C, 
for  any  reasonable  $  value. 

This  chart,  of  course,  is  for  a  particular  design.  For 
other  contours  and  other  frequencies  the  curve  would  be  the  same 
but  the  left-hand  scale  would  be  shifted  up  or  down  slightly. 
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In  a  test  of  8,  5  MHz  5th  overtone  units,  using  Premium  Q 
swept  quartz,  the  values  of  &'  as  read  from  the  X-ray  goniome¬ 
ter  were  33.540  ±0.012  degrees.  The  turnover  temperature  ranged 
from  60*  to  67“  as  would  be  predicted. 

Should  it  be  desirable  to  measure  the  ^  angle,  either  for 
measuring  existing  flats  or  for  determining  the  place  to  generate 
flats,  this  can  be  done  at  either  the  X'  or  Z'  axes,  using  the 
rotated  Y  cut  nomenclature.  Using  a  Y  axis  reflection,  the  02.0 
plane,  the  X'  direction  of  the  plate  will  be  some  "A"  degrees 
away  from  the  X-ray  indication.  Where  A  =  tan-1  (tan  <j>  sin  &). 
For  a  4>x  of  6.25*  (<J>y  =  23.75*}  and  a  0  of  33.91*,  A  =  -3.496*. 

Of  course,  a  prepared  crystal  standard  can  also  be  used  to  verify 
this  relationship.  For  reflections  from  the  Z'  edge,  we  can  use 
an  X-ray  plane  whose  normal  is  in  the  X-Z  plane  and  is  90*  from 
the  22.3  plane  used  for  measuring  Phi.  Such  a  plane  is  the  11.3 
plane  at  53.75“  and  Bragg  angle  32*. 

An  X-ray  fixture  which  will  both  measure  and  generate  an 
accurate  mounting  flat  on  the  edge  of  the  crystal  plate  is  shown 
on  Figure  6. 

The  location  of  the  mounting  flats  angle)  can  also  be 
measured  by  use  of  a  microscope  using  both  orthoscopic  and  cono- 
scopic  viewing.  A  Zeiss  rotating  stage  is  used  which  can  be  read 
to  within  10  minutes  of  arc.  In  the  normal  viewing  mode,  the 
quality  of  the  flat  and  its  bearing  against  a  reference  edge  can 


be  observed.  In  the  conoscopic  mode,  an  isogvre  (sharp  black 
line)  can  be  observed  which  is  related  to  the  direction  of  the 
optic  axis.  The  method  is  as  follows:  using  the  Z  direction  of 
an  SC  cut  reference  standard,  find  the  stage  setting  for  an 
isogyre  crossing  bottom  to  top  as  the  stage  is  rotated  clockwise. 
Replace  the  standard  with  the  quartz  plate  to  be  measured  and 
rotate  the  stage  to  find  the  same  isogyre  relationship.  A  simple 
calculation  will  give  the  location  of  the  flat.  The  readings 
taken  in  this  manner  have  a  standard  deviation  of  0.35  degrees. 

C .  Mounting  Techniques  for  Reducing  Acceleration  Sensitivity 

There  is  definitely  a  relationship  between  one,  the  location 
and  size  of  the  mounting  points  at  the  edge  of  the  crystal  plate, 
typically  accomplished  by  thermo-compression  bonding  a  ribbon 
support  member  to  the  edge,  and,  two,  the  magnitude  and  direction 
of  the  acceleration  sensitivity  vector. 

The  configuration  used  has  been  that  of  three  points,  90° 
apart.  The  bonds  should  be  centrally  located  on  the  bonding  flat 
of  the  crystal  and  the  tool  impression  should  be  limited  in  size 
and  preferably  centrally  located  on  the  axis  of  the  ribbon.  The 
first  five  crystals  subjected  to  vibration  tests  had  the  follow¬ 
ing  results: 


TABLE  I 


Crystal 

R 

T 

T 

1370 

1.4 

1.4 

1.96 

See  Figure  7 

1371 

4.2 

- 

- 

See  Figure  8 

1373 

6.5 

1.0 

6.6 

See  Figure  9 

1375 

7.0 

1.8 

7.2 

See  Figure  10 

1376 

1  .4 

1.7 

2.2 

See  Figure  1 1 

The  need  for  centrally  locating  the  bonds  is  apparently 
caused  by  the  establishment  of  mechanical  couples  in  the  crystal 
plate.  Because  the  sample  is  small,  re-processed  and  newly 


fabricated  crystals  were  photographed  prior  to  sealing.  Results 
were  then  compared  with  the  photographic  evidence.  Our  present 
TC  bonded  crystals  use  an  aluminum  clad  nickel  ribbon.  The 
aluminum  side  of  the  ribbon  is  bonded  to  the  plated  edge  of  the 
crystal  under  constant  heat  and  pressure. 

Independently,  Professor  Peter  Lee^  of  Princeton  University 
calculated  the  same  location  for  mounting  points  (Psi  (  )  angle) 
as  we  had  determined  experimentally. 

Professor  Lee1 11  first  defined  the  coefficient  of  acceleration 
sensitivity  as 

„  Aff  .  _1_  .  _ d 

a  f0  F  f0/n 

F  =  force  on  plate  =  mass  of  plate  x  acceleration 
fo  =  frequency  of  resonator 
n  =  overtone  number 

d  =  diameter  of  resonator 

134thAnnual  Symposium  on  Frequency  Control;  Page  403,  1980. 
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This  is  similar  to  the  coefficient  of  force  sensitivity  Kf. 
Then  for  each  support  position  \p,  Ka  is  computed  as  a  function 
of  acceleration  direction.  From  this,  one  can  obtain  |  Ka  |  max, 
the  absolute  value  of  Ka  maximum. 

This  process  was  repeated  for  a  range  of  ip  values,  and  he  was 
able  to  obtain  values  of  |  Ka  |  max  as  a  function  of  ip .  See 
Figure  12,  which  shows  Professor  Lee's  calculated  values  as  a 
solid  line  and  FEI's  data  as  points. 

A  new  ribbon  for  TC  bonding  been  developed^.  It  consists 
of  a  stripe  of  gold  coined  to  a  nickel  ribbon.  A  supply  of 
various  sample  lots  of  nickel  with  the  gold  bonding  stripe  was 
received  from  Technical  Materials  Incorporated,  and  was  used  for 
our  experimental  studies.  FEI  had  to  anneal  the  ribbon,  since  the 
samples  received  are  approximately  1/4  hard.  Initial  data  shows 
that  the  bonds  were,  at  a  minimum,  equivalent  in  strength.  A 
diagram  of  the  ribbon  is  contained  in  "Further  Developments  on 
'SC'  Cut  Crystals"  by  B.  Goldfrank  and  A.  Warner,  Figures  9,  10 
and  11,  attached  to  this  report,  in  Appendix  I. 

Because  the  gold  stripe  ran  perpendicular  to  the  ribbon 
length,  methods  of  precisely  cutting  the  ribbon  to  the  appropriate 

^ Evaluation  of  Interposed  Gold  Wire  Leads  for  TC  Bonded 
External  HIC  Connections;  H.  N.  Keller,  Bell  Laboratories, 
Allentown,  Pa.  and  C.  E.  Apgar,  Western  Electric  Co.,  Allentown, 
Pa. 


dimensions,  ±0.001",  had  to  be  worked  out.  Although  we  have  made 
completed  units,  none  have  had  bonds  which  were  exactly  centered 
or  uniform  in  thickness.  Extremely  close  control  of  all 
processing  and  fixturing  parameters  was  needed  in  order  to 
discover  the  exact  effect  of  the  mounting  point  size  and  location 
on  the  magnitude  of  the  acceleration  sensiivity  vector. 

Ribbons  with  the  coined  triangular  stripe  along  the  length, 
rather  than  the  width  have  also  been  used,  thus  eliminating  a 
very  difficult  positioning  problem  at  the  quartz  interface.  New 
welding  techniques  have  been  developed  at  FEI  to  permit  the 
direct  attachment  of  the  gold  stripe  of  the  ribbon  to  the  gold- 
plated  pins  of  a  C  type  header.  This  eliminates  the  need  for  the 
usual  fold  and/or  removal  of  the  gold  to  expose  the  nickel  surface. 
This  technique  has  proved  to  be  very  successful,  and  was 
implemented  on  the  final  test  lots  of  crystals. 

Three  5  MHz  5th  overtone  SC  crystal  units,  which  were 
mounted  using  nickel  ribbons  with  a  lengthwise  gold  stripe  .010" 
wide  were  disassembled  to  observe  the  nature  of  the  bond  to  the 
quartz  mounting  flat.  The  bonding  was  done  with  a  tip  temperature 
of  450°C  and  a  pressure  to  ten  pounds.  The  size  of  the  tool  was 
.020"  wide.  The  bonded  area  was  slightly  larger  than  .010  x  .020 
inches,  and  of  a  shape  as  shown  on  Figure  13.  In  all  cases,  par¬ 
ticles  of  quartz  adhered  to  the  ribbon  after  disassembly.  Two 
units  similarly  mounted  were  subjected  to  vibration  from  10  to 
2000  Hz  at  vibration  levels  from  lOg  to  60g,  without  any  apparent 


damage.  Pull  tests  of  these  bonds  are  typically  higher  than 
those  made  with  Al-Ni  ribbons  by  36%,  as  shown  in  Figure  14. 


D.  Adjustment  to  Frequency  at  the  Operating  Temperature 

The  SC  cut  crystal  design  has  such  a  poor  temperature  coef¬ 
ficient  of  frequency  at  room  temperature  that  it  is  necessary  to 
calibrate  the  unit  at  an  elevated  temperature. 

Frequency  Electronics  has  fabricated  a  three  position  hot 
tuner.  This  machine  allows  us  to  adjust  SC  cut  crystals  to  within 
0.1  PPM. 

The  three  positions  of  the  tuner  are  mounted  on  a  fourteen 
inch  base  plate  a-d  covered  by  a  twelve  inch  spherical  dome.  A 
picture  of  one  of  the  heads  is  shown  in  Figure  15.  The  heater 
block  and  Pi  network  are  removable  for  easy  maintenance  and/or 
changeover  to  a  different  header  configuration.  The  filament  is 
shielded  (not  shown)  front  and  back  to  eliminate  any  possible 
shorting  of  the  internal  electronics.  The  crystal  temperature 
can  be  continuously  monitored  and  is  accurate  to  within  ±1*C. 

This  is  more  than  adequate  for  any  SC  cut  crystal,  since  there  is 
normally  a  4*C  to  6*C  range  where  the  crystal  frequency  does  not 
change  more  than  1.5  Hz. 

The  Pi  networks  all  have  one  common  ground  as  do  the  inputs 
and  outputs  for  measuring  the  crystal  frequency.  The  tuner  heads 


are  connected  to  an  eight  pin  feed-thru,  with  three  inputs,  three 
outputs  and  two  grounds.  All  other  electrical  connections  are 
through  a  separate  twenty  pin  feed- thru. 

The  entire  tuner  is  under  a  laminar  flow  hood.  The  vacuum 
cycle  consists  of  three  minutes  on  a  graphite  pump,  fifteen  to 
twenty  minutes  on  a  vac-sorb  pump  and  sufficient  time  on  the  ion 
pump  to  reach  5  x  10~^  torr.  A  schematic  of  the  system  is 
shown  in  Figure  16. 

E .  Measurement  of  the  Acceleration  Sensitivity  Vector 

Two  methods  of  testing  crystal  units  are  currently  in  use. 
One  is  the  use  of  a  vibration  table  to  generate  known  'g'  levels 
and  the  other  is  a  static  test  using  the  acceleration  of  gravity, 
known  as  a  ' 2g '  tipover  test.  In  both  methods,  the  components  of 
the  acceleration  vector3  are  measured  in  three  mutually  perpen¬ 
dicular  directions,  and  the  vector  magnitude  and  direction  calcu¬ 
lated.  In  initial  studies  the  static  method  is  preferred  because 
it  measures  the  acceleration  sensitivity  vector  apart  from  any 
resonance  effects.  Crystal  units  are  mounted  in  FEI  designed 
standard  oven-oscillators.  Improvements  have  been  made  by  alter¬ 
ing  the  temperature  control  in  the  crystal  oven  and  making  the 
temperature  setting  external  to  the  oven.  Temperatures  from  40* 
to  1 00 *C  can  be  set  by  a  10  turn  potentiometer.  In  addition,  a 

3  The  Effect  of  Vibration  on  Frequency  Standards  and 
Clocks"  Rl  Filler,  USAERADCOM,  Proceedings  35th  Annual 
Symposium  on  Frequency  Control,  1981. 
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3.3  megohm  resistor  was  added  in  parallel  with  the  crystal  termi¬ 
nals,  to  remove  any  D.C.  bias  generated  during  the  warmup 
period . 

2g  turnover  acceleration  tests  of  normal  crystals  can  be  run 
at  the  rate  of  one  an  hour.  Figure  17  shows  the  type  of  data 
that  can  be  taken. 

In  making  2g  turnover  tests,  particularly  where  very  low 
acceleration  coefficients  are  to  be  measured,  one  observes  that 
false  frequency  readings  of  a  few  parts  in  10^  often  occur 
due  to  drift,  erratic  behavior  from  initial  strain  relief,  noise, 
and  possibly  circuit  and  cabling  variations.  In  order  to  sepa¬ 
rate  these  variables  from  the  actual  acceleration  effect  on 
frequency  the  following  method  of  taking  data  is  used,  with  the 
crystal  unit  mounted  in  its  oven-oscillator  and  stabilized  for 
one  hour,  five  successive  readings  of  frequencies  are  taken  at  5 
second  intervals,  then  the  oven  is  re-oriented  by  180°,  and  five 
more  readings  taken. 

By  repeating  this  procedure  three  times,  the  true  accelera¬ 
tion  effect  for  this  one  orientation  can  usually  be  ascertained 


even  in  the  presence  of  drift  and  noise,  however  it  is  still 
possible  to  have  a  20%  error  in  any  given  measurement.  Further, 
knowing  that  the  acceleration  effect  vs.  angle  in  any  plane  is 
sinsuoidal  in  shape,  a  second  check  for  false  or  suspected  values 
is  provided  by  using  several  sets  of  readings,  each  90°  apart  in 
the  plane  of  the  quartz  plate.  An  example  is  given  for  both  a 
good  and  a  difficult  measurement  in  Figure  18. 

F .  Oscillator  Circuits 

In  the  SC  design,  the  orthogonal  thickness  shear  mode,  known 
as  the  B  mode,  is  more  strongly  excited  than  the  desired  C  mode. 
The  suppression  of  the  B  mode  has  been  left  to  the  circuit 
designer.4  Successfully  designed  circuits  for  5,  10,  and  20 
MHz  have  been  made  which  suppress  any  frequency  other  than  the 
one  for  which  the  circuit  was  designed.  A  "B"  mode  1/3  the 
resistance  and  only  8%  removed  in  frequency  will  not  oscillate  in 
these  circuits.  Figure  19  shows  a  typical  design. 


4"Pesign  of  Crystal  and  Other  Harmonic  Oscillators" 
by  Benjamin  Parzen,  Wiley  Interscience,  1982 
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III.  TESTS  AND  RESULTS 


A.  Pressure  vs.  Frequency  of  the  SC  Cut  Crystal 

Pressure  vs.  frequency  studies  were  conducted  using  the 
hot-tuner  with  its  variable  temperature  control  and  excellent 
vacuum. 

Pressure  sensitivity  tests  were  made,  using  a  5  MHz,  5th 
overtone,  SC  crystal,  with  a  turnover  of  85*C.  The  crystal  unit 
was  inserted  into  a  temperature  controlled  block  inside  the  high 
vacuum  system,  with  the  flange  of  the  crystal  holder  in  intimate 
contact  with  the  block.  The  temperature  under  high  vacuum  was 
controlled  at  the  turnover  temperature  of  85"C  ±0.1  "C  and 
independently  measured.  The  greatest  temperature  change,  going 
from  air  to  vacuum,  was  less  than  1BC,  and  would  account  for  less 
than  0.1  Hertz  change  in  frequency  at  a  steady  state  condition. 

It  was  established  that  the  effect  of  atmospheric 
pressure  on  frequency  is  approximately  +1.5  Hertz,  about 
double  reported  by  Stockbridge^  for  the  AT  cut  crystal. 

If  the  curve  is  nearly  linear  as  shown  by  Stockbridge, 


^vacuum  Microbalance  Techniques,  Vol.  5,  1966, 
C.D,  Stockbridge,  Plenum  Press. 
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then  1000  microns  of  nitrogen,  introduced,  should  have  a  very 
small  positive  effect  on  frequency,  about  0.002  Hertz, 

(4  x  10-10  Hz/torr) . 

After  flushing  the  vacuum  chamber  several  times  with 
nitrogen,  a  base  frequency  at  85 °C  in  high  vacuum  was  established 
at  5009280.51  Hertz.  A  series  of  experiments  was  then  run.  Each 
experiment  was  started  at  the  same  initial  frequency. 

a)  500  microns  of  nitrogen  was  introduced  into  the  vacuum 
chamber.  The  frequency  increased  almost  instantaneously 
by  0.25  Hertz  and  then  gradually  went  down  1.5  Hertz. 

The  initial  rise  is  in  the  right  direction,  but  too 
large.  The  frequency  decrease  with  time  is  believed  to 
be  absorption  of  some  contaminant,  possibly  from  the 
nitrogen  feed  line.  (See  Figure  20). 

b)  500  microns  of  nitrogen  was  introduced  and  immediately 
pumped  back  to  10  microns.  The  effect  was  to  lower  the 
frequency  by  0.1  Hertz.  In  high  vacuum,  the  frequency 
slowly  returned  to  the  original  frequency. 

c)  10  microns  of  nitrogen  was  very  carefully  introduced 
through  a  bleed  valve.  There  was  no  significant  change 
in  frequency  from  the  established  base  frequency. 
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d)  A  slow  steady  leak  of  nitrogen  was  carefully  established 
at  approximately  50  microns  per  minute,  and  the  frequency 
versus  pressure  recorded.  The  frequency  rose  initially 
by  0.05  Hertz  at  50  microns,  and  lowered  by  0.50  Hertz  at 
1000  microns.  Upon  closing  the  leak  valve  the  frequency 
continued  to  decrease.  See  Figure  21. 

The  conclusions  are: 

1 )  Contamination  in  the  gas  delivery  systems  is  the  cause 
for  all  negative  frequency  changes  with  pressure. 

2)  Sudden  inputs  of  gas  may  disturb  the  temperature 
equilibrium  enough  to  account  for  the  temporary  increase 
in  frequency  in  experiments  "a"  and  "d". 

3)  There  is  no  anomalous  change  in  crystal  frequency  from 
pressure  changes  that  might  occur  due  to  outgassing  in 
the  crystal  enclosure,  as  shown  in  experiment  "c".  The 
effect  is  small,  on  the  order  of  4  x  10-10/torr. 

B.  Magnitude  of  the  Acceleration  Sensitivity  Vector  vs.  Orientation 

It  has  been  suggested^  that  if  the  proper  <p  angle  and  mounting 
method  were  found  and  used,  then  a  plano-convex  crystal  blank  should 
have  the  same  good  acceleration  coefficient  as  a  double-convex 

^Dr.  John  Vig,  USAERADCOM,  private  communication  -  suggestion 
based  on  results  obtained  at  USAERADCOM  on  four-point  mounted 
resonators . 
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blank.  The  theoretical  <J>  angle  for  stress  compensation  is  often 
quoted  as  21 .95“  .  Therefore,  a  group  of  eighteen  5  MHz,  5th 
overtone  crystal  units  were  prepared  from  Premium  Q  swept*  quartz 
with  angles  near  22*  and  near  23.75*,  both  plano-convex  and 
bi-convex,  and  with  'P  angles  near  -14*  and  -17*.  The  results  are 
summarized  on  Figure  22.  The  variation  in  the  magnitude  of  the 
acceleration  coefficient  in  the  radial  direction  is  not  enough  to 
be  significant.  However,  in  the  thickness  direction,  it  is  clear 
that  the  double-convex  shape  is  3  to  4  times  better,  and  with  the 
present  design  is  necessary  to  the  goal  of  1  x  10“10  per  g. 

The  original  design  at  4>  =  23.75*  is  marginally  better  for  the 
magnitude  of  the  acceleration  sensitivity  vector. 

Professor  Peter  Lee,  of  the  Civil  Engineering  Department, 
Princeton  University  has  been  most  helpful  in  providing  a 
theoretical  basis  for  the  relationship  between  orientation  angles 
(4>  ,  0,  ’ P)  and  the  magnitude  of  the  acceleration  sensitivity 
vector,  |r|  .  One  of  his  studies7  indicated  that  a  4>  of  21.95* 
and  of  -25*  could  provide  a  I  r  I  considerably  less  than 
1  x  10“1(Vg.  Crystal  units,  5  MHz  5th  overtone  were  made 
with  a  near  21.95*  and  ip  angles  of  -23*,  -25°,  and  -27*.  The 


*Sawyer  Research  Products,  Eastlake,  Ohio,  Registered  Material 
7Letter,  P.C.Y.  Lee  to  A.W.  Warner,  April  9,  1981 


results  showed  magnitudes  of  the  acceleration  sensitivity  vector 
typical  of  previous  designs  at  <p  =  23.75°  and  \p  =  -15°.  The 
results  are  summarized  on  Figure  23. 

A  group  of  quartz  blanks  was  procured  from  Colorado  Crystal 
Corp.*  with  a  nominal  value  of  <j>  of  21.95°  and  9  such  as  to  put 
the  turn-over  temperature  near  50 °C.  These  blanks  were  prepared 
from  premium  Q  quartz,  not  swept,  and  are  4.6  MHz  at  the  5th 
overtone.  Twenty  of  these  blanks  have  been  reprocessed  at  FEI 
for  operation  at  5  MHz.  The  design  is  double-convex,  2  1/8 
diopter  per  side,  and  polished.  The  were  divided  into  five 
groups  of  four  each,  with  4>  angles  of  +5,  -5,  -10,  -15,  and  -20 
degrees.  All  units  were  ribbon  mounted  by  thermo-compression 
bonding  at  3  points  90°  apart,  with  two  of  the  points  near  the 
Z"  axis.  The  2g  turnover  tests  were  made  in  four  directions 
radially  and  one  in  the  thickness  direction,  in  order  to  give 
some  redundancy  to  the  measurement. 

The  results  are  listed  on  Figures  24  and  25.  Figure  24 
gives  the  actual  location  of  the  ^  angle  to  the  nearest  degree, 
the  value  of  $  to  0 . 1  degree,  the  resistance  R1 ,  the  turn-over 
temperature,  and  the  magnitude  of  the  acceleration  sensitivity 

♦Colorado  Crystal  Corp.,  2303  W.  8th  Street,  Loveland,  Colorado  80537 
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vector.  In  Figure  25,  the  data  is  presented  in  a  way  to  show  any 
correlation  of  the  magnitude  of  the  acceleration  sensitivity 
vector  with  (1)  the  spread  in  the  location  of  the  three  90* 
mounting  flats  on  the  quartz  plate,  (2)  the  vector  direction  in 
the  plane  of  the  crystal,  and  (3)  the  position  of  the  mounting 
points  relative  to  the  crystal  plate  flats.  The  nomenclature  is 
from  Gualtieri,®  A  and  B  are  Z"  axis,  C  is  normal  to  Z"  axis. 

The  acceleration  effect  is  highly  variable,  i.e.,  no  correlation 
was  found.  The  vector  magnitudes  in  the  thickness  direction  were 
all  near  iPPIO^O/g  and  had  only  a  small  effect  on  the  angle 
and  magnitude  of  the  acceleration  sensitivity  vector.  There  may 
be  a  correlation  between  the  abnormally  high  vector  magnitude  of 
crystal  unit  D4  and  the  relatively  large  errors  in  the  placement 
of  mounting  points  on  that  crystal  plate,  although  this  is  by  no 
means  conclusive.  In  the  B  series,  only  one  unit  was  suitable  for 
acceleration  testing. 

Figure  26  is  an  attempt  to  correlate  the  approximate 
magnitude  of  the  acceleration  sensitivity  vector  versus  mounting 
angle  ip  with  one  of  the  theoretical  curves  of  Professor  Peter  Lee. 


®DELET-TR-8 1-5  "A  simple  method  for  location  of  the  mounting 
positions  for  low  acceleration  sensitivity  SC  cut  resonators", 
J.  Gualtieri ,  USAERADCOM,  1981. 


If  we  add  the  previous  data  taken  at  =  -25°  and  <P  =  21.95,  and 
if  we  are  selective  in  choosing  values,  a  curve  similar  in  shape 
can  be  drawn,  showing  optimum  mounting  angle  near  4>  =  14*. 

The  group  of  twenty  5  MHz  5th  overtone  units  with  4>  =  21.95° 
and  various  ('P )  angles  were  reprocessed  using  gold-stripe  nickel 
ribbons  (see  Figure  27).  Traceability  of  the  individual  units 
was  not  maintained,  but  the  overall  acceleration  sensitivity 
vector  magnitude  was  greatly  improved.  Omitting  two  defective 
units  in  each  case,  the  original  magnitude  of  the  acceleration 
sensitivity  vector  was  6.6  x  10"^/g  average,  3.11  standard 
deviation  for  15  units  and  was  4.8  average,  2.35  standard 
deviation  for  17  units  of  the  reprocessed  crystal  units. 
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C .  Experimental  Crystal  Units  at  <t>  -  25* ,  5  MHz  5th  Overtone 

A  group  of  eight  5.115  MHz  5th  overtone  units  with  an 
experimental  4>  angle  of  25“  and  ^  angles  near  -15°  were  processed 
and  tested.  Two  units  are  obviously  defective,  having  a  large 
thickness  component  of  the  acceleration  vector  and  high 
resistance,  Ri .  If  these  are  omitted,  then  the  remaining  six 
units  have  remarkably  low  acceleration  vectors.  The  average 
reading  of  the  magnitude  of  the  acceleration  sensitivity  vector 
is  2.64  x  10~10/g  with  standard  deviation  of  1.73.  Five  of 
the  six  units  are  between  1  and  3  x  10-10/g,  or  83%.  This 
is  the  best  yield  experienced  so  far.  Variation  in  ^  angle  from 
-14*  to  -18*  did  not  appear  to  any  effect. 

Because  of  this  success,  the  group  of  crystals  was  enlarged 
to  17  units.  The  data  on  these  crystals  is  given  in  Figure  28. 
For  all  17  units,  the  average  vector  magnitude  is  5.52  x 
10-10/g  standard  deviation  4.46.  If  the  three  worst  units 
are  eliminated,  the  average  vector  magnitude  is  3.75  x 
10~10/gf  standard  deviation  2.04. 
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The  crystal  units  with  a  <j>  angle  of  25°  were  further  tested 
to  evaluate  the  negative  effect  of  using  a  <j>  angle  3°  from  that 
considered  optimum.  Two  units  were  tested  for  the  effect  of 
temperature  gradients,  amplitude  of  vibration  (drive  level)  and 
infection  point  of  the  frequency  vs.  temperature  curve.  These 
results  were  conpared  with  those  of  crystal  units  having  <t>  angles 
of  21.95*  and  23.75*. 

(a )  Temperature  Gradient  Effect. 

Six  crystal  units  of  standard  design  were  selected  for 
test,  two  each  at  ^  =  21.95*,  23.75*,  and  25*.  They 
were  all  given  heat  runs  from  30*  to  70*C  in  an 
automated  slew  test  box.  The  rate  of  temperature  change 
was  regulated  at  0.75*C  per  minute.  The  maximum 
frequency  at  turnover  for  both  increasing  and  decreasing 
temperature  was  used  to  find  the  temperature  gradient 
effect  at  this  rate  of  change.  The  results  are  shown  on 
Figure  29.  The  numbers  are  <1,8,  and  10"9 
respectively. 


The  same  six  crystal  units  above  were  operated  at 
turnover  temperature  with  varying  drive  levels.  The 
frequency  vs.  crystal  current  was  plotted  for  4>  =  22° 
and  25®,  for  currents  of  10  yA  to  1000  yA,  with  the 
frequency  normalized  at  100  yA  (see  Figure  30).  Below 
100  yA,  the  frequency  tends  to  be  unstable,  and  above 
300  yA,  the  effect  of  drive  level  becomes  significant 
with  a  slope  greater  than  1  x  10“10/yA.  Between 
100  and  300  yA,  all  units  behaved  about  the  same. 

(c)  Frequency-Temperature  Characteristic. 

Three  crystal  units  with  a  angle  of  25®  were  operated 
over  the  temperature  range  of  25  to  180®C.  The  turnover 
temperatures  are  62,  63,  and  65®C,  and  the  inflection 
temperature  is  about  122°C,  as  shown  on  Figure  31. 

J  Mount  and  Diamond  Mount  Crystal  Units 

1)  10  MHz,  third  Overtone 

"J"  and  diamond  mounts,  as  shown  in  Figure  31A,  were 


evaluated  on  5  MHz,  third  overtone,  10  MHz,  third 
overtone  and  fifth  overtones  and  20  MHz,  fifth  overtones 
for  acceleration  sensitivity. 


One  group  of  10.054  MHz,  third  overtone  crystals  were 
processed  twice.  The  initial  fabrication  used  the 
standard  diamond  notch  mount.  Electrical  and 
acceleration  data  were  taken.  The  crystals  were  then 
disassembled,  cleaned,  reprocessed,  and  acceleration 
data  re-taken.  The  data  is  presented  in  Figure  32. 

Four  additional  third  overtone  crystals,  at 
10.230400  MHz  were  processed  and  tested.  The  initial 
plating  was  done  at  7  x  10-8  torr,  the  final 
frequency  adjustment  at  85*C  and  5  x  1 O-?  torr  and 
sealed  at  pressures  between  3  x  10-7  and  5  x  10-7 
torr  after  hydrogen  firing.  Test  results  are  shown  in 
Figures  33A  to  33D.  Twenty-eight  crystal  units  at 
10.054  MHz  were  measured  for  acceleration  sensitivity  in 
the  same  manner  as  previously  described,  i.e.,  by  2g 
turnover  at  the  rotated  X,  Y,  and  z  axes  of  axes  of  the 
crystal  plate.  The  three  90’  mounting  points  are  at 
both  ends  of  the  rotated  Z  axis  and  the  negative  end  of 
the  rotated  X  axis.  Y  is  in  the  direction  of  the  plate 
thickness.  The  magnitude  of  the  acceleration 
sensitivity  vector  is  the  square  root  of  the  sum  of  the 
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squares  of  the  X,  Y,  and  Z  components.  Figure  34  lists 
the  test  results.  The  average  of  the  absolute  value  of 
gamma  r^v  *-s  10*71  with  a  a  =  2.97.  The  crystals 
were  manufactured  using  the  standard  techniques 
developed  by  Frequency  Electronics  for  epoxy  mounted 
crystals.  A  diamond  notch  mount  was  used.  Complete 
electrical  data  is  contained  in  Figures  35A  and  35B. 

Data  on  30  additional  units,  one  of  which  was  repeated 
(#4750)  is  included  in  Figure  36.  As  noted,  the  average 
was  11.33  x  10-1®/g  with  a  standard  deviation  of 
5.89. 

2)  5.115  MHz,  Third  Overtone 

Ten  chemically  polished,  plano-convex  crystals  were 
supplied  to  FEI  by  ERADCOM.  These  were  assembled  using 
"J"  mounts,  on  three  posts,  90*  apart.  The  initial  data 
taken,  showed  large  radial  acceleration  effects.  This 
was  due  to  random  mounting  caused  by  the  lack  of  an 
orientation  flat.  The  data  followed,  however,  the 
theoretical  curve  prepared  by  Professor  Peter  Lee  of 
Princeton  University.  (See  Figure  12).  The  crystals 
were  subsequently  reprocessed  and  correctly  mounted  by 
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the  addition  of  an  orientation  flat.  The  flat  was  added 
by  X-ray  and  cross-polaroid  techniques.  The 
acceleration  results,  which  we  expected  to  be  excellent, 
were  disappointingly  bad  ranging  from  1  to  58  x 
10l0/g  and  averaging  35.7  x  1010/q.  These 
crystals  were  reprocessed  a  second  time  and  mounted 
using  the  cross-polaroid  technique  and  then  pasted.  The 
average  magnitude  of  the  radial  component  of  the 
acceleration  sensitivity  vector  was  11.6  x  10-10/g 
with  a  standard  deviation  of  1.83.  The  average 
thickness  component  was  27.6  x  10-10/g  with  a 
standard  deviation  of  7.17.  The  maximum  acceleration 
effect  in  the  radial  direction  is  given  seoarately  from 
that  of  the  thickness  direction  because  of  the  high 
value  of  the  latter. 

3)  20  MHz,  Fifth  Overtone  Crystals 

Twelve  units  were  constructed  using  the  design  shown  in 
Figure  1.  The  series  resistance  was  less  than  100  ohms 
and  the  Q  was  greater  than  500,000.  Of  the  five  units 
tested,  the  average  value  of  T  was  6.57  x  10_10/g 
with  a  standard  deviation  of  2.28  x  10~^0/g. 

Complete  data  is  given  in  Figure  37. 
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IV.  DISCUSSIONS  AND  CONCLUSIONS 


1.  The  search  for  an  optimum  design  for  acceleration 
resistant  units  is  continuing.  Attempts  to  associate 
small  manufacturing  deviations  with  poor  performance 
have  not  succeeded.  Some  evidence  exists  to  indicate 
that  an  increase  in  the  value  of  the  angle  beyond 
21.95°,  perhaps  to  as  high  as  25°,  can  yield  a  higher 
percentage  of  5  MHz  5th  overtone  crystal  units  with 
coefficients  near  1  x  10-10/g.  Plano-convex 

crystal  designs  have  shown  a  high  thickness  component  of 
the  acceleration  sensitivity  vector  which  is  not 
balanced  out  by  the  mounting  variations  used  so  far. 

2.  10  and  20  MHz  crystal  units,  which  have  not  yet  had  TC 
bond  holders  designed  for  them,  have  not  exhibited  low 
acceleration  sensitivity  vector  magnitudes  comparable  to 
the  TC  bonded  5  MHz  designs.  The  20  MHz  design  does 
show  some  promise  as  it  is  a  balanced  crystal. 

3.  The  "single-angle"  X-ray  method  of  measuring  SC  blanks 
is  proving  both  easy  to  carry  out  and  accurate. 


31 


i  ; 


4.  Gold  stripe  ribbons  with  a  lengthwise  gold  stripe  can 
now  be  successfully  welded.  Significantly  higher  yields 
of  5  MHz  5th  overtone  crystal  units  with  acceleration 
sensitivity  vectors  less  than  2  x  10_1®/g  have 

been  obtained. 

5.  Tests  of  thermo-compression  bonding  using  gold  stripe 
nickel  ribbons  indicate  that  compared  to  aluminum  clad 
ribons,  pressures  can  be  reduced  to  6  ■'ounds  from  10 
pounds  and  that  tip  and  stage  temperatures  can  be 
reduced  by  50°C,  to  400°  and  300°C  respectively. 

Attempts  to  further  reduce  the  'temperature  weakened  the 
bond . 

6.  The  indications  from  a  small  number  of  crystal  units  are 
that  5  MHz  units  with  =  25°  have  lower  acceleration 
vector  magnitudes  and  are  less  sensitive  to  the  mounting 
angle,  4> ,  than  those  with  <J>  =  21.95°. 

Since  this  angle  is  3°  from  the  preferred  angle,  it  is 
necessary  to  re-evaluate  the  effect  of  drive  level, 
temperature  gradients,  inflection  temperature,  and 
impedance  level.  For  example,  the  impedance  level  is 
20%  higher  than  that  of  $  =  23.75°. 
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Further,  since  some  of  the  best  and  worst  results  were 
obtained  from  this  group  it  is  possible  that  there  is 
another  variable  that  we  have  not  been  able  to  identify. 
If  this  variable  is  identified  in  the  future,  these 
experiments  should  be  repeated. 

Of  these  four  characteristics,  that  of  temperature 
gradient  is  the  most  pronounced,  and  will  have  an  effect 
on  the  time  for  frequency  stabilization  following  a 
temperature  change.  The  drive  level  effect  appears  to 
be  the  same  for  all  units  tested,  although  the  2  units 
at  <(>  =  21.95°  showed  less  tendency  for  erratic  frequency 
readings  at  very  low  drive  levels. 

The  higher  inflection  temperature  of  122°C  is  a  distinct 
advantage  for  ease  of  manufacture  of  units,  especially 
those  operating  near  90°C.  The  higher  impedance  level 
will  require  slightly  more  care  in  frequency 
calibration,  but  once  made,  the  crystal  units  should  be 
entirely  satisfactory. 
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7.  The  10  MHz  crystal  units  have  shown  poor  results 


throughout.  This  is  mainly  due  to  the  design  with 
secondary  effects  caused  by  mounting.  This  is  evident 
due  to  the  better  performance  of  the  20  MHz  crystals 
which  have  similar  mounting  structures,  but  are  of  a 
balanced  design.  Results  were  typically  11.3  x  10-1^/g 
with  a  standard  deviation  of  5.9  x  10-1^/g. 


8.  Testing  of  six  20  MHz  units  using  the  new  test  set  shows 
an  average  of  the  magnitude  of  the  acceleration  sensi¬ 
tivity  vector  of  6.57  x  10-10/g  with  a  standard 
deviation  of  2.28.  Improved  mounting  techniques  may 
improve  these  results. 
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apparatus  for  locating  crystal  blank  mounting  flats 

1.  Lapping  block  is  mounted  on  an  adjustable  barrel  holder 
in  the  X-ray. 

2.  Crystal  blank  is  waxed  to  the  rotatable  core. 

3.  By  using  the  X-ray  goniometer  table  and  alternately 
using  the  core  locking  screws,  the  crystal  blank  is 
positioned  correctly  in  the  lapping  blocks  and  locked. 

4.  Lapping  block  is  removed  from  the  X-ray  and  crystal 
flats  generated  by  lapping. 
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MAGNITUDE  OF  THE  ACCELERATION  SENSITIVITY  VECTOR  VS 
V  ANGLE,  5  MHz,  5TH  OVERTONE 
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ORTHOGONAL  COMPONENTS  OF  THE  ACCELERATION  SENSITIVITY 

VECTOR  VS.  MOUNTING 

FOR  5  MHz,  5TH  OVERTONE,  BI-CONVEX  CRYSTALS 
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FIGURE  28 

ACCELERATION  SENSITIVITY  FOR  4>  =  25* 

ON  5.115  MHz,  5TH  OVERTONE  SC  CUT  CRYSTALS 


63 


-22- 


TYPICAL  MOUNTS  USED  ON  10.054  MHz,  3RD  OVERTONE  SC  CUT  CRYSTALS 

(ALL  DIMENSIONS  IN  INCHES) 
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ELECTRICAL  AND  ACCELERATION  DATA  FOR  10.054  MHz,  3RD  OVERTONE,  PLANO  CONVEX  CRYSTALS 
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FVXTHEIt  DEVELOPMENTS  ON  ' SC '  COT  ChYSTALS 


Iruce  Coldfrtnk  and  Art  Werner 


frequency  Electronic,  Inc. 
Kev  Hyde  Perk,  th.  fork  HOC 


Introduction 

'SC'  cut  cryetele  heve  found  their  my  into 
■eny  new  detlgnt.  The  eppllcetlone,  though  uny 
end  eerlod,  center  around  the  requlreaentt  of  good 
'g'  aeneltlvlty,  reelttence  to  redletlon,  feat 
weraup  end  good  tenpereture  eharecterlitlcc.  The 
teapereture  and  atreln  effect!  on  the  'SC'  cut 
cryetel  ere  euch  thet  a  large  laproveaent  over  AT 
cut  cryetele  le  poeelble.  In  particular,  data 
will  be  given  on  the  laproveaent  In  redletlon 
reeletence  of  the  'SC'  over  the  'AT*. 

In  order  to  produce  a  eucceeeful  SC  cryetel 
unit,  l.e.,  one  thet  exploits  thle  deelgn  to  the 
fulleet,  elgnl f lcent  chengee  In  deelgn  philoeophv, 
deelgn  pareaetere,  aeeeurlng  technlquee,  teetlng 
method*,  and  production  toole  auet  be  aade.  Three 
of  the  more  Important  chengee  Involve  angle 
control  prior  to  final  lapping,  angle 

aeeeureaente,  and  frequency  adjuetaenc.  Vhere  low 
'g*  eeneltlvlty  le  laportent,  the  cryetel  pletee 
auet  be  therao-coapreeelon  bonded  uelng  email, 
uniform,  aery  precicely  loceted  mounting  epote. 

Orientation 

That  the  orientation  of  the  plate  auet  be 

cloeely  controlled  can  be  underatoo d  when  we 
conelder  the  typical  AT  frequency  vereue 

teapereture  curve.  The  canter  of  the  curve  which 
le  the  inflection  point,  ie  at  rooa  teapereture, 
and  aa  the  apeclflad  operating  teapereture  goat 
higher,  angle  control  becoaee  aaeler.  for  the  SC, 
the  inflection  point  le  near  100'C  and  at  the 
operating  taaperature  approachec  that  point  the 
angle  control  becoaee  difficult.  70’C  to  I0*C 

saro  teapereture  coefficient  (ETC)  for  the  SC  cut 
le  like  10*C  to  SO’C  for  the  AT  cut.  At  I0*C,  one 
alnute  of  arc  error  can  ahlft  the  ETC  by  20’C. 
The  benefit  la,  of  court* ,  that  once  angle  control 
Ea  achieved  the  taoperctura  curve  la  auch  flatter. 

Figure  1  above  a  quart*  bar  aed  the  eteget  of 
arteatetloo,  following  the  lilt  atenderd 
aoaencldture,  T  Xw  1  tfil.  Ylsuallte  e  etertlng 
plate  which  le  a  Y  cut,  rotate  it  about  the  E  axle 
by  the  angle  g  and  then  rotate  It  about  ite  new 
length,  X',  by  the  angle  tbete.  The  nauel 
llluat ration*  ahow  th*  plat*  ractanguler  in  chape. 
Th*  final  doubly  orlantad  platt  la  aaually  ahown 
th*  aaa*  alee  and  chape  aa  the  ate r ting  plat*, 
■owevar,  one  can  aaa  that  If  on  arrange  to  aaw  tha 

Free.  Mth  ion,  Freq.  Control  tymp. ,  OSAUUDCOK , 
Ft.  loMoouth,  U  07701,  Hey  1M0. 


art  *»•  imovmg  rar 

aaauuuo  to  net*  **•  au»* 


Figure  1.  Stagee  of  Orientation  for  a 
TXwlt  CfV  Ilenk 


X  SURFACX 


-I  SURFACE 


'•C'  CUT  CRYSTAL  CLANK  At  CUT  FROM  IAR 


Figure  2,  Quart*  Blank  Aa  Cut  Froo  a  Y  bar 
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doubly  oriented  plan  fron  the  tar,  the  shape  will 
sot  b*  rectangular  but  will  be  aa  shown  In 
Figure  2.  21  thla  Mart  aa  AT,  usual  practice 

would  b*  to  sinply  Mount  It  In  tha  X-rey  with  tht 
X  axle  vertical  tnd  coapart  tht  crystal  (tet  with 
tht  aaarb y  01.1  crystal  plant  at  38*  12.?’. 

Bowtvar,  with  tha  SC  we  aiat  first  'undo*  tht  4 
angle,  that  la  tilt  tht  plttt  isttll  tht  01.1  plant 
la  In  a  vertical  petition.  Tht  tilt  ltatlf  la  not 
particularly  Critical,  but  bow  tht  Mounting  flat, 
or  If  you  will,  tht  rotttlon  ui  tht  platt  about 
lta  thickness,  btcoata  axtreeely  critical,  ainct 
thla  rotttlon  will  bow  tilt  tha  reference  plant. 

Our  anawtr  to  thla  problaa  la  to  highly 
correct  tht  -X  and  ona  Z  surface  of  tht  quart!  bar 
ltatlf  btfort  cutting.  Thla  la  atralght  forward 
ainct,  of  courat,  tharc  arc  X-ray  planta  parallel 
to  thcac  aurfccaa.  Thtae  highly  corrected 
ourfacea  arc  then  uacd  not  only  to  orient  tht  bar 
In  tha  aaw,  but  alao  to  orient  the  blank  in  tha 
X-ray  gonioacter. 

Mow,  which  Bdgt  aurfcca  ahould  we  uac  for  tha 
X-ray  rafarcnca  flat?  Tht  X’  axis  Ilea  In  tha  2 
aurfece,  eose  Ik*  away  fros  uelng  tha  -X  aurfact 
aa  a  reference  flat  end  tha  X’  would  be  the  norwcl 
choice. 

In  althar  caat,  the  equation  to  convert  f roo 
the  cngla  oacaurcd  by  the  X-rcy,  to  tht  apadflad 
6  angle  la  fclrly  alsplc,  but  it  turna  out  there 
la  an  advantage  to  uelng  the  -X  aurfcca  Ik*  away 
froa  tha  X*  to  loccta  the  axle  about  which  the 
X-ray  angle  la  to  be  Maaeured. 

Figure  3  ahowa  the  rwlatlonahlp  between  the 
specified  6  angle  for  various  4  angles.  The  outer 
curve  shows  the  aquation  davaloped  by  Sallato  and 
lafratt,  and  tha  other  two  eurvss  show  tha 
corraapondlng  angles  6  *  and  6  '  Measured  by  the 
tilt-back  Method  for  both  X’  axle  and  the  -X 
aurfece.  We  can  sea  that  tha  angle  Mtsiurtd  using 
the  -X  aurfcca,  the  upper  curve,  la  Much  closer  to 
the  38*  13’  rafaranca  plana,  even  closer  than  that 
«f  the  AT.  Alao  we  can  see  the  slope  la  about  1 
in  6  or  t’  error  In  Measuring  4  raaulta  in  1* 
error  in  Measuring  6.  Tou  May  alao  have  noticed 
that  for  tha  SC  cut  at  4  *  23*,  that  the  Ik*  shift 
in  reference  flat  location  correspond!  to  a  5  or  6 
degree  shift  In  Indicated  angle,  or  alaost  2  to  1. 
Two  alnutas  error  In  reference  flat  equals  one 
Minute  error  In  angle  oeeaur ament.  To  keep  this 
error  to  an  absolute  Minimus ,  we  me  a ,  aa  Indicated 
aarllar,  the  actual  corractad  surface  generated  on 
the  quarts  bar  before  It  la  cut.  la  addition  we 
wse  a  special  Jig  that  avoids  any  error  dut  to 
chipping  at  the  edges.  Figure  4  shows  tha  tilt 
back  vacuus  jig  used  with  the  X-ray.  The 
reference  ourfaea  Makes  contact  along  a  line  away 
free  the  crystal  edga.  figure  S  shows  thla 
reference,  contact  a  little  More  clearly. 
Xepestablllty  aalng  this  Method  Je  about  10 
eeconds  of  arc.  The  4  angle  la  Measured  by  a  TO* 
torn  of  the  quarts  blank .  Me  tilt  la  aeadad  In 
this  case,  because  tha  X-ray  plana  in  this 
position  la  within  1-1/2  degress  of  vertical, 
again  cleser  than  tha  AT  for  thla  nassuraaant. 


r*iMO*>ee*  MM  M»oe<l 


Figure  3.  Relationship  between  Specified  :  end  • 
Angles  and  Those  Measured  by  The  Tilt-beck 
X-ray  Method 


Figure  4.  Tilt-back  Vscuun  Jig  Used  With  The 
Double-Crystal  X-ray  Conlooetsr 
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figure  6  shows  tht  prsclslon  uv.  The 
sitting  It  accowpllshed  by  •  tilt  an d  a  rotation, 
figure  7  it  another  rim.  On*  advantage  of  the 
tilt  and  rotation,  rather  than  a  double  tilt  la 
that  the  tilt  and  the  rotation  angles  art  aaactly 
thoae  Matured  by  the  X-ray.  So  oecesssry 
corrections  to  the  taw  table  are  directly  applied 
froa  the  S-ray  reading.  To  obtain  actual 
apeclfled  8  and  8  angles,  In  practice,  It  la  only 
neceatary  for  tha  operator  to  enter  the  X-ray  dial 
reading  Into  n  pre-prograaMd  calculator  and  puah 
the  button. 

Advantaaea  of  -X  Surface  Xeference  and  Tilt  Method 
of  Orientation 


1.  An  existing  double  cryttal  X-ray 
gonloneter  act  for  A?  cut  can  be  uaed  with  no 
change  other  than  the  tilt  31*. 

2.  The  angle  la  cloae  enough!  to  01.1  plane 
for  calibrating  of  atandardt  by  a  turnover 
•cthod. 

3.  Orientation  of  tha  aenaltlve  reference 
flat  la  ganerated  right  on  the  quartt  ^ar  before 
cutting. 

*.  The  i  angle  la  deternlned  without  a  tilt 
Jig  and  la  alnply  measured  by  the  X-ray. 

3.  ly  ualng  a  atandard  reference  cryitel, 
accuracies  of  a  few  seconds  of  arc  are  possible. 

t .  There  la  a  direct  correspondence  between 
saw  table  angles  and  tha  angles  Masured  by  the 
X-ray. 

7.  Specified  angles  are  obtained  easily  by 
using  a  staple  progressed  calculator. 

(.  The  14*  pal  angle  generated  autonstleslly 
turns  out  to  be  the  correct  mounting  point  for  the 
crystal  plate. 


frequency  Adluataent 

The  fact  that  the  Inflection  point  of  the  SC 
teaperature  frequency  curve  la  above  the 

operating  teaperature  aak.es  room  teaperature 
frequency  adjustment  a  disaster.  Tha  slope  Is 
about  10  b  per  degree  at  3  MHz.  In  addition 
frequency  adjustaent  by  circuit  Mans  la  Halted 
to  about  1/4  of  that  of  tha  AT.  Therefore 
frequency  adjustaent  at  or  aaar  the  teaperature  at 
which  tha  crystal  la  to  be  operated  la  lapcratlve. 
figure  I  show*  a  aaall  heater  oaad  In  the  vacuus 
deposition  chaaber.  Teaperature  seating  control 
la  by  a  theralator  bridge,  the  lead  wires  froa  the 
crystal  art  of  special  aaterlal  and  pass  thru  the 
taaperatura  controlled  block  an  their  way  to  a 
network  trtilch  seta  the  operating  phase  conditions. 
Deposition  la  by  evaporation  froa  a  wall  tungsten 
fllaMnt. 


Crystal  Mounting 

figure  9  shows  an  esperlMOtel  approach  to 
therao-coapreeelon  (TO  ribbon  noun t lag  of  the 
crystal  piste.  The  ribbon  la  nickel,  .And  it  has  a 
gold  triangular  strip  hoodad  thereon.  The  TC  bond 
will  be  gold  to  gold,  and  la  the  shape  of  a  long 

thin  rectangle,  about  3  s  30  alls.  This  aethod 

peralta  a  batter  location  sf  the  mounting  points 

with  reaped  to  the  center  af  the  plate,' and  alto 

peralta  TC  bending  te  wary  thin  plates. 


Figure  6.  Ons  View  of  the  Precision  Saw 


Figure  7.  One  View  of  the  Precision  law 


figure  I.  Crystal  Unit 
Evaporation  in 


Neater  for  Cold 
Vacuus 
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figure  10  1<  *  photo  of  one  «uch  bond  on  « 
5  KHz  5th  overtone  plete.  figure  11  le  e  drawing 
of  a  t7plcel  theraoeoapreeelon  bond.  Recent 
dlecueeione  with  end  celeculetlone  by  Prof,  ftter 
Lee,  of  Princeton  Unlverelty,  have  Indicated  the 
axtrene  laportance  of  the  aountlng  point*  In 
obtaining  a  low  ' g'  eendtlvlty  cry* tel  wit.  He 
Indicate*  a  ♦  angle  near  >15*  et  optlaua  for  a  5 
point  90*  aount .  It  le  lntereitlng  to  note  that 
the  natural  angle  generated  in  cutting  the  blank, 
(-14. t*)  which  frequency  Electronic*  u***,  the 
oxperlocntal  angle  reported  by  Kuxter*,  Adeaf,  and 
other*  of  Hewlett  Packard  in  1977,  end  Peter  Lee'* 
calculated  angle  ere  ell  enentlelly  the  aaae.  1 
believe  the  naturally  generated  angle  1*  the 
correct  one,  but  further  experlaentat Ion  will  be 
necenary  with  precisely  Bounced  unit*,  to  verify 
tbl*. 


Radlttlon  Effect* 


An  unexpected  bonu*  case  to  light  when  *oae 
24  MHz  SC  wit*  in  otclllator*  Intended  for  uae  in 
the  Callleo  Probe  of  Jupiter  were  aubjected  to 
radiation  of  1.0  Begared*.  The  SC  unit*  changed 
1  part  in  1014/rad  vertu*  2  part*  in  lO1^ 
per  rad  for  AT  unit*.  Thl*  1*  about  2  order*  of 
■agnltude  laproveoent  in  radiation  tutcept lblllty. 
Thl*  again  need*  further  atudy. 

Conclu*lon 


figure  12  Ihow*  e  graph  of  one  5  KHz  doubly 
contoured  SC  wit  made  et  frequency  Electronic*, 
Inc,  eubjected  to  *  2C  acceleration  by  e  alaple 
turn-over  teit.  Plate  up  to  plete  down  wa* 
1PF1011.  Rotation  in  the  vertical  plane  Ihow* 
lei*  than  1PP1010  per  C.  future  etudict  will 
be  clacd  et  lncrccilng  the  yield  of  euch  wit*. 


figure  10,  Experlaental  Thercc-Cosprtaaicn  Send 
To  A  5  KHz  SC  Plate 


1 

1 
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acuieoj  aaiav  roe  naaan  t*a**a*noe  ien*t 

Figure  9.  txperlaentd  Cold  landed  Hlekal 
Mounting  Ribbon 


»*■»•«  (MMIUlM  I9f  l  gbal 
Mill  M’  |af«ti 


figure  11.  Typical  Tberno-Coapreaalon  bond 


figure  12.  Turn-Over  Tect  of  One  5  KHz, 

Sth  Overtone  SC  Unit  Shoving  f  'g ’  Seniltlvity 
of  la**  Than  1PP1010 
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